A ribonucleic acid (RNA)-dependent RNA polymerase was induced in chick embryo fibroblast cells after infection with Sendai virus (parainfluenza 1 virus). The enzyme was associated with the microsomal fraction of infected cells and reached maximum detectable activity at 18 hr after virus infection. The activity of the enzyme in vitro was dependent on the presence of added magnesium ions and all four nucleoside triphosphates and was not inhibited by actinomycin D. The RNA synthesized by the enzyme in vitro was sensitive to ribonuclease and consisted of a complex mixture of RNA species including 34S, 24S, and 18S components. Similar RNA components were detected in the microsomal fraction of Sendai virus-infected cells by labeling with 3H-uridine from 17 to 18 hr postinfection in the presence of actinomycin D. Of the RNA synthesized by Sendai virus-induced RNA polymerase in vitro, 98% became insensitive to ribonuclease after annealing with RNA extracted from purified Sendai virus particles.
A ribonucleic acid (RNA)-dependent RNA polymerase was induced in chick embryo fibroblast cells after infection with Sendai virus (parainfluenza 1 virus). The enzyme was associated with the microsomal fraction of infected cells and reached maximum detectable activity at 18 hr after virus infection. The activity of the enzyme in vitro was dependent on the presence of added magnesium ions and all four nucleoside triphosphates and was not inhibited by actinomycin D. The RNA synthesized by the enzyme in vitro was sensitive to ribonuclease and consisted of a complex mixture of RNA species including 34S, 24S, and 18S components. Similar RNA components were detected in the microsomal fraction of Sendai virus-infected cells by labeling with 3H-uridine from 17 to 18 hr postinfection in the presence of actinomycin D. Of the RNA synthesized by Sendai virus-induced RNA polymerase in vitro, 98% became insensitive to ribonuclease after annealing with RNA extracted from purified Sendai virus particles.
Sendai virus (parainfluenza 1 virus, HVJ) is a large and structurally complex ribonucleic acid (RNA)-containing virus which is similar in its biological properties to Newcastle disease virus (NDV), except that it has a considerably longer latent period (2) . Like NDV, the Sendai virion appears to contain a single species of highmolecular-weight, single-stranded RNA sedimenting at about 57S (3, 5) . The replication of this molecule in infected cells is accompanied by the formation of three virus-specific RNA components with sedimentation coefficients of 18S, 22S, and 35S; moreover, most if not all of the virus-specific RNA is single-stranded and complementary in base sequence to virion RNA (3, 5) . Very similar findings have been reported for NDV-infected cells (6, 13) .
The replication of parainfluenza viruses is not inhibited by actinomycin D (4), so it is likely that an RNA-dependent enzyme is involved in the synthesis of the various RNA species which have been found in infected cells. However, both the failure to find evidence of a double-stranded replicative form (3) and the presence of large amounts of complementary RNA in infected cells (5, 6, 13) imply that the replication of parainfluenza virus RNA may take place by a different mechanism from that known to occur with many small RNA-containing viruses (17) .
Glasky et al. (8, 9) and Scholtissek and Rott (22) have reported the presence of an RNAdependent RNA nucleotidyl transferase (RNA polymerase) in NDV-infected cells. The activity of this enzyme was low and was lost when infected cell cytoplasm was fractionated by differential centrifugation (22) . This paper describes the appearance and properties of an RNA-dependent RNA polymerase in the microsomal fraction of cells infected with Sendai virus. min at 37 C. Primary cultures of 11-day chick embryo cells were started in 199 medium, supplemented with 10% calf serum, and seeded with approximately 108 cells per bottle. The cultures were infected 24 to 36 hr later when confluent monolayers had formed. Replacement medium was 199 medium containing 2% calf serum.
Infection of cells. Cell monolayers were washed once with 0.9% NaCl (saline) and inoculated with a 10-1 dilution of virus (approximately 1010 EID5o) in saline (20 ml per bottle). After adsorption for 60 min at 37 C, the cells were washed once with saline, and replacement medium (50 ml) was added to each bottle. The cultures were incubated for 18 hr after infection, unless otherwise stated.
Buffer solutions. Standard buffer for sucrose gradient analysis contained 0.01 M tris(hydroxymethyl)-aminomethane (Tris)-hydrochloride (pH 7.4), 0.1 M NaCl, 0.001 M ethylenediaminetetraacetic acid (EDTA). B4 buffer for disruption of cells consisted of 10 mM Tris-hydrochloride (pH 7.4), 10 mm NaCl, 1.6 mM MgCl2, 1 mm CaCl2, and 1 mm triethanolamine. B2 buffer for resuspension of cell fractions contained 10 mM Tris-hydrochloride (pH 7.4), 10 mM NaCl, and 1.5 mM MgCl2. Sodium saline citrate (SSC) buffer was 0.15 M NaCl, 0.015 M sodium citrate.
Preparation of microsomal fraction. All operations were carried out at 0 C. Cell monolayers were washed twice with saline, removed from the bottles by gentle agitation with glass beads, and pelleted at 2,500 X g. Cell pellets were resuspended and kept in B4 buffer for 10 min and then disrupted in a Dounce homogenizer (about 20 strokes). The nuclear and mitochondrial fractions were separated by centrifuging at 500 and 10,000 X g for 10 min, respectively. Centrifugation of the supernatant at 100,000 X g for 90 min deposited the microsomes, which were stored from 1 to 5 days at -70 C. Before use, microsomal fractions were resuspended in B2 buffer to a protein concentration of 2 to 6 mg/ml, except when the magnesium ion requirements of polymerase enzyme were determined; in this case, the microsomes were resuspended in saline.
RNA-dependent RNA polymerase assay. Enzyme preparations were assayed in duplicate in a total volume of 0.3 ml. The reaction mixture (0.2 ml) contained 50 umoles of Tris-hydrochloride (pH 7. Samples were incubated at 28 C for 30 min and the reaction was terminated by addition of 0.125 M sodium pyrophosphate-1% hyflosupercel (2.5 ml). After precipitation for 30 min at 0 C, the acid-insoluble RNA synthesized during the incubation was analyzed by the method of Plagemann (18, 19) . The final trichloroacetic acid-insoluble precipitate was resuspended in 0.5 N trichloroacetic acid (0.2 ml), heated to 70 C for 30 min, cooled, and then resuspended in 10 ml of Brays fluid (7) . Samples were counted in a Packard 25 MUiters of 2 X SSC containing various amounts of Sendai virus RNA. The mixtures were heated in sealed glass ampoules for 1 hr at 90 C and then slowly cooled to room temperature over 16 hr. The contents of the ampoules were quantitatively transferred to conical centrifuge tubes with 1 ml of 2 X SSC buffer, treated with pancreatic ribonuclease (10,ug/ml for 30 min at 37 C), and then analyzed for acid-insoluble radioactivity (18, 19) .
Protein determination. Protein was determined by the method of Lowry et al. (14) , with bovine serum albumin as standard.
RESULTS
Detect-ion of polymerase in infected cells. It has been reported that virus-specific RNA synthesis in chick cells infected with Sendai virus reaches a maximum at 18 to 24 hr after infection (5) . In an attempt to detect RNA-dependent RNA polymerase activity, infected cells were removed from roller cultures at 18 hr after infection, deposited by centrifugation at 2,500 x g, and then disrupted in B4 buffer. The various cell fractions obtained by differential centrifugation were tested for enzyme activity, and the results of this experiment are presented in Table 1 . The microsomal fraction of infected cells showed a 10-fold increase in incorporation of 3H-GTP into acid-insoluble material compared to uninfected cells. Increased incorporation of 3H-GTP was not detected in the nuclear, large particle, or cytoplasmic fractions of infected cells. In all further experiments, the microsomal fraction of infected cells was used as a source of RNA polymerase.
Time of appearance of polymerase. Infected cells were harvested from pairs of roller bottles at various times after infection, and the RNA polymerase activity of the microsomes was measured. The results of this experiment are shown in Fig. 1 , where the activity of the polymerase is given in relation to the amount of virus released into the medium. An increase in enzyme activity was detected from 3 to 6 hr after infection; this activity reached a maximum at 18 hr and then declined.
Characteristics of Sendai virus RNA polymerase in vitro. The effects of altering either the pH or the concentration of Mg2+ ions from those used in the standard assay are shown in Table 2 . Maximum polymerase activity occurred at pH 7.4. Magnesium ions are necessary for the function of the RNA polymerase; at a concentration of 0.5 umoles per reaction mixture, maximum activity was obtained. Higher concentrations of Mg2+ depressed the activity of the enzyme.
The temperature of incubation of the in vitro polymerase assay markedly affected the activity of the enzyme (Fig. 2) . Maximum activity was obtained at 28 C, there being at least 30% more 3H-GTP incorporated into acid-insoluble material at this temperature than at 37 C.
The relation between concentration of microsomal protein and enzyme activity is shown in Fig. 3 mixture did not markedly reduce polymerase activity, indicating the absence of any dependence on deoxyribonucleic acid (DNA).
The time course of 3H-GTP incorporation into total and ribonuclease-resistant acid-insoluble material during incubation is shown in Fig. 4 and was converted into a ribonuclease-sensitive form later in the reaction.
Although 3 ,ug of actinomycin D was included in each reaction mixture, the effect of increasing amounts of this compound on incorporation of 3H-GTP into acid-insoluble material was determined. The results (Table 4) indicate that up to 100 jig of actinomycin D per assay caused no inhibition of polymerase activity. However, at 500 Mg per assay there was 40% inhibition.
Requirement for protein synthesis during enzyme induction. Cycloheximide (25 ,g/ml) was added to roller cultures at various times after infection to determine whether protein synthesis was required for the production of the polymerase. At 24 hr after infection, the hemagglutinin content of the medium and the polymerase activity of the microsomal cell fraction were determined ( Ten-drop fractions were collected from the bottom of the tube, and, after measurement of the optical density at 260 nm, fractions were analyzed for acid-insoluble radioactivity. Symbols: 0, radioactivity; A, optical density of untreated sample; 0, radioactivity; A, optical density of ribonuclease-treated sample.
sensitive to digestion with ribonuclease, with the exception of a small amount of acid-insoluble material which sedimented in the 4S region of the gradient.
Comparison between RNA synthesis in vitro and in vivo. To determine whether the RNA synthesized by Sendai virus-induced RNA polymerase in vitro is similar to that formed in infected cells, the following experiment was carried out. Sixteen roller cultures were infected with Sendai virus, and, after 16.5 hr, actinomycin D (0.2 jig/ml) was added to the culture medium. Eight cultures were then labeled with 3H-uridine (2 ,uLc/ml) from 17 to 18 hr postinfection, and at 18 hr the microsomal fractions were prepared from both labeled and unlabeled cultures. The unlabeled microsomal fraction was then used to synthesize a 3H-RNA product in vitro. RNA was then extracted from both microsomal preparations and characterized on sucrose density gradients as described above. RNA extracted from 32P-labeled Sendai virus was sedimented at the same time on an identical sucrose gradient to provide a 575 virus RNA marker.
The sedimentation pattern of RNA formed in infected cell microsomes was very similar to that of the polymerase product RNA (Fig. 6) , except that RNA sedimenting in the 4 to 8S region was not found in the RNA labeled in vivo. In both cases, the major RNA species synthesized sedimented broadly in the 18 to 35S region, but there was no evidence of 57S RNA (Fig. 6a) . Longer periods of sedimentation, which gave better separation of the ribosomal RNA species as shown by optical density, did not resolve the 18 to 35S RNA species any further (Fig. 6b) .
Hybridization of in vitro product RNA with virion RNA. It has been reported that RNA formed in Sendai virus-infected cells is almost completely complementary to Sendai virion RNA (5) . Hybridization experiments were carried out to determine the extent of complementarity of the Sendai polymerase product RNA. In preliminary experiments, when Sendai virus 32P-RNA was annealed with polymerase product 3H-RNA, the ribonuclease-resistance of the 32P-RNA increased significantly more than that of the 3H-RNA. This suggested that Sendai virus RNA was annealing to unlabeled virus-specific RNA present in the microsomal RNA preparation. To avoid this complication, various concentrations of unlabeled Sendai virus RNA were annealed with a constant amount of labeled polymerase product RNA (Fig. 7) . At saturating concentrations of virus RNA, 98% of the RNA synthesized in vitro was made ribonuclease-resistant. The relatively high ribonuclease resistance of the polymerase product RNA annealed in the absence of added Sendai virus RNA (25%) is presumably due to the presence of RNA complementary to polymerase product RNA in the microsomal preparation. 
DISCUSSION
The results reported here demonstrate the existence of an RNA-dependent RNA polymerase in chick embryo fibroblast cells after infection with Sendai virus. The RNA polymerase activity is at least 10-fold higher than in (Fig. 4) , whereas at 37 C it was found that net incorporation of 3H-GTP ceased after to 15 min at a level lower than that reached after 30 min at 28 C. Increased endogenous nuclease activity at the higher temperature may be responsible for this effect.
When either one or all three of the unlabeled nucleoside triphosphates were omitted from the reaction mixture, the polymerase reaction was inhibited by 80% ( (25) , prevented the formation of both viral hemagglutinin and RNA polymerase activity. This suggests that both are virus-induced proteins actively synthesized after infection. When the inhibitor was added later than 9 to 12 hr after infection, both hemagglutinin and polymerase activity could be detected at 24 hr. However, even when added as late as 18 hr postinfection, at the time of maximum enzyme activity ( Fig. 1) , cycloheximide reduced polymerase activity at 24 hr, compared to untreated cells. No such effect was observed with hemagglutinin. This suggests that the enzyme is being synthesized actively in cells throughout infection and that levels of polymerase observed in infected cells represent a balance between synthesis and breakdown of enzyme activity. The latter process might be due to lability of the enzyme protein within infected cells; an alternative hypothesis is that the polymerase might be incorporated into the mature virus particle and thereby rendered inactive (19) .
RNA polymerase activity in Sendai virusinfected cells was associated with cytoplasmic particles sedimenting in the microsomal fraction, and no other cell fraction possessed appreciable activity. Similar findings have been made with influenza viruses (11, 15, 23) , picornaviruses (12, 20) , and reovirus (10), although the RNA polymerase induced by arboviruses is apparently associated with larger cytoplasmic particles sedimenting at 13,000 X g (16) .
Sendai virus has a characteristically long latent period (2) , and it is interesting that the induced RNA polymerase activity develops in infected cells over a long period, beginning as early as 3 hr after infection and not reaching a maximum until 18 hr. The sequential formation of different species of virus-specific RNA in Sendai virus-infected cells (3) might suggest that RNA polymerase activities detected at 3 to 6 or 12 to 18 hr after infection represent different enzymes. However, characterization of the polymerase product RNA on sucrose gradients (Fig. 5) suggests that the microsomal fraction from cells infected with Sendai virus for 18 hr synthesizes in vitro a complex mixture of RNA species which include 34, 24, and 18S RNA components which may correspond to similar components found in infected cells (Fig. 6) .
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